Background: Ex vivo colospheres have been previously characterised as a colorectal cancer (CRC) well-rounded multicellular model, exclusively formed by carcinoma cells, and derived from fresh CRC tissue after mechanical dissociation. The ability to form colospheres was correlated with tumour aggressiveness. Their three-dimensional conformation prompted us to further investigate their potential interest as a preclinical cancer tool.
Despite increasing knowledge about colorectal cancer (CRC) pathogenesis, this cancer disease remains a major cause of morbidity and mortality worldwide (Jemal et al, 2011) . Colorectal cancer patient death is generally due to disease progression with metastasis development and resistance to chemotherapy. Complex factors involved in CRC metastasis remain largely undefined and there is still a cruel need for effective drugs for treatment. Future successful therapies must rely on a comprehensive analysis of events underlying the tumour progression and the metastatic processes, together with the development of new relevant model systems that could be easily manipulated in order to accurately evaluate the efficacy of novel agents and combinations.
In this context, the importance of studying cancer cells in threedimensional (3D) models has been emphasised because of their higher relevance to in vivo situation (Jacks and Weinberg, 2002; O'Brien et al, 2002; Yamada and Clark, 2002; Debnath and Brugge, 2005; Smalley et al, 2006; Yamada and Cukierman, 2007) . Recent attention has focused on the need for better models that preserve the integrity of cancer stem cell (CSC) populations, as well as 3D microenvironmental interactions (Schmeichel and Bissell, 2003; Vaira et al, 2010; Gillet et al, 2011) .
We had previously reported from a large clinical study the identification of ex vivo colospheres as a new colon cancer cell model (Weiswald et al, 2009) . We have formerly demonstrated that this short-term culture model (i) cannot be obtained from normal colon tissue, (ii) is exclusively formed by epithelial cancer cells and (iii) is associated with tumour aggressiveness.
To further investigate the interest of colospheres as an ex vivo short-term culture tool for human colon cancer analysis and therapeutic testing, we used here CRC patient-derived tumour xenograft (PDX) models to work with a large quantity of reproducible biological material. Patient-derived tumour xenografts are established from human tumour fragments directly transplanted from patients into immunodeficient mice. These xenografts, obtained without in vitro manipulation, provide an accurate depiction of human tumour biological characteristics and are considered to represent the heterogeneity of human cancers (for review, see Tentler et al, 2012) .
Fresh xenograft tissues give rise to numerous colospheres in a few days after mechanical dissociation in a reproducible way. We show that viable colospheres, through their strong cell-cell interactions, can be maintained in culture several weeks. As their gene expression profiles mimic the parent PDX tissue, colospheres could represent good candidates for modelling CRC ex vivo, which can be easily prepared and manipulated. In addition, the colosphere-forming cells also retain tumour aggressiveness properties. Finally, chemosensitivity assays based on colospheres demonstrate that the responses of this ex vivo model are similar to those of the in vivo original xenografts, illustrating one of the potential applications of colospheres as a short-term preclinical tool.
MATERIALS AND METHODS
Cell lines. The CT320Â6 cell line (passages P15-P25) was originally established from the XenoCT320 xenograft (DanglesMarie et al, 2007) and cultured in Dulbecco's modified Eagle medium (without phenol red) supplemented with 10% heat-inactivated fetal calf serum (Invitrogen, Cergy Pontoise, France), 10 mmol l -1 Hepes, 4.5 g l -1 glucose, 1 mmol l -1 pyruvate sodium, 200 units ml -1 penicillin, 200 mg ml -1 streptomycin, referred as to 'culture medium'. The CT320Â6-GFP cell line was obtained by transduction with a LV-PGK-GFP lentiviral vector, kindly provided by Franc¸oise Carlotti, Leiden University Medical Centre, The Netherlands, according to previous protocol (Carlotti et al, 2004) . Viral supernatants were added to fresh medium supplemented with 8 mg ml -1
Polybrene (Sigma-Aldrich, Saint-Quentin Fallavier, France), and the cells were incubated overnight. The next day, the medium was replaced with fresh medium. Transduction efficiency was analysed 6 days post-transduction by cell sorting of GFP þ cells using FACS Vantage dual laser flow cytometry (BD Biosciences, San Jose, CA, USA) and regularly controlled by flow cytometry.
Colon cancer xenografts. Colon cancer tumours had been obtained from patients after surgery. We had previously established the PDXs XenoCT316, XenoCT320, XenoCT336, XenoCT337 and XenoCT329 (Dangles-Marie et al, 2007) and the additional xenograft XenoCT1180 was similarly obtained from a colon primary tumour. The CR-LRB-010P, CR-LRB-011M, CR-IGR-007P, CR-IC-004M, CR-LRB-004P and CR-LRB-018P xenografts were established by the CReMEC consortium (Julien et al, 2012) .
For xenograft passage (passages used here from P4 to P17), tumour fragments were subcutaneously grafted into 5-week-old athymic nude female mice (Harlan, Winkelmann, Germany) bred and maintained in specified pathogen-free conditions (protocol approval n1P2.VDM.026.07, local ethical committee on animal experiments, CREEA René Descartes, Paris, France). This protocol complies with the international 3R principle, more precisely in accordance with UKCCCR guidelines (Workman et al, 2010) . 3D multicellular models. Two different 3D cancer cell models were used here: spheroids and colospheres. Spheroids referred as to multicellular tumour spheroids introduced by Sutherland in early 1970s (Sutherland, 1988) . These spheroids are generated in vitro using permanent carcinoma cell lines in non-adherent conditions. As for colospheres, they are tissue-derived spheres, obtained directly by dissociation of CRC tissue. Protocols of preparation of these two models are depicted in Figure 1 .
Spheroids from cancer cell lines. Three-dimensional multicellular spheroids were prepared by the liquid overlay technique as 
Ex vivo mechanical dissociation and culture on plastic
In vitro culture on agarose XenoCT320 and XenoCT329 xenografts Established respectively from F320 and F329 CT320X6 and CT329X12 cell lines established respectively from XenoCT320 and XenoCT329 grown as monolayer Figure 1 . Protocol leading to the production of xenograft-derived colospheres and paired monolayers and spheroids.
previously described (Dangles-Marie et al, 2007) . In brief, tissue culture microplates were coated with 50 ml of 1% agarose in water. Tumour cells grown as a monolayer were resuspended with trypsin, and 5.10 3 cells were seeded in microwells so as to obtain, after 3 days, a single spheroid per well.
Colosphere obtained by ex vivo mechanical mincing. Mechanical dissociation protocol of tumour tissue has been previously described (Weiswald et al, 2009) . Briefly, tumour tissue sample, after a medium washing step, was first finely cut with scalpel blade and crushed. The resulting pieces were transferred into a 25 cm 2 culture flask in 'culture medium' and incubated at 37 1C, 5% CO 2 . Colospheres of 100-200 mm in diameter were selected using cell strainers (Endecotts, London, England).
For colosphere formation mechanism study, 75 mg of dissociated XenocT320 tissue (about 8.10 4 live tumour cells) were incubated with 2.10 5 CT320Â6 GFP single cells per well of 12-well cell culture plate at 37 1C, 5% CO 2 . After 3 days of co-culture, colospheres of all size were collected for confocal imaging.
Cell cycle analysis. Colospheres were dissociated by trypsinisation, fixed in cold 70% ethanol, treated with 20 mg ml -1 RNase for 30 mm, incubated for 10 mm in 20 pg mi -1 propidium iodide (Sigma-Aldrich). Labelled cells were analysed by a FACsort (BD Biosciences, San Jose, CA, USA) and analysis was performed with MODFITLT software (Verity Software House, Topsham, ME, USA).
Cell-cell contact inhibition and apoptosis detection. Colospheres were incubated overnight with neutralising antihuman E-cadherin (clone SHE78-7, 10 mg ml -1 ; Invitrogen) or with 2 mM EDTA. Caspase-3 activity was measured using luminescent assay Caspase-Glo 3/7 Assay (Promega, Charbonnières, France) and a VICTOR Multilabel Plate Reader (Perkin-Elmer, Courtaboeuf, France), according to the manufacturer's instructions. Results are expressed as relative light units.
Collagen assay. Colospheres and spheroids were mixed with collagen I solution (1 mg ml -1 , BD Biosciences, Le Pont de Claix, France) in 24-well plates before polymerisation of the lattice. Culture medium was added to the collagen layer and changed twice a week.
In vivo tumourigenicity assay. The tumourigenicity of Xeno CT320 colospheres and CT320Â6 spheroids was compared in a subrenal capsule assay in nude mice as previously described (Weiswald et al, 2009) . Briefly, in anaesthetised mice (xylazin/ ketamin protocol), injections of whole intact spheroids or colospheres were administered with a 27G needle in the subcapsular space in the right kidney. For analysis of local invasion, the equivalent of 10 5 cells in 10 ml was injected and the mice were killed 4 weeks later for kidney examination. For distant metastasis study, the equivalent of 4.10 4 was injected and the mice were killed 14 weeks later. Colospheres of 100-200 mm in diameter were collected and an aliquot was trypsinised to estimate the number of viable cells in the colospheres. The concentration was adjusted to have a number of colospheres equivalent to 4.10 4 or 10 5 cells per 10 ml for subrenal capsule injection.
Similarly, 8 or 20 spheroids formed by seeding 5.10 3 cells per microwell were injected in 10 ml. As spheroids from this cell line grow slowly, spheroids collected 3 days after initiation contained about 5000 cells per spheroid for a diameter of about 150 mm. The recipient mice were killed for gross examination and organs were removed for histological examination and/or RNA extraction.
Histological and immunofluorescence analyses. Colospheres or spheroids were embedded using the Cytoblock method (Briffod et al, 2000) and the Shandon kit (Thermo Electron Corporation, St Herblay, France) for haemalun-eosin and alcian blue staining. Immunostaining was performed on the resulting paraffin sections using an automated immunostainer (Ventana, Strasbourg, France), after antigen retrieval performed during 40 min in a water bath set at 95 1C-98 1C, followed by 20-min cooling, with mAb to Ki-67 antigen (MIB1 clone; 1 : 100 dilution; Dako, Trappes, France) or with anti-human b-catenin (14/b-catenin clone; 1 : 400 dilution; BD Biosciences).
For triple staining on kidney sections, kidneys were transversely cross-sectioned, fixed for 2 h in phosphate-buffered saline (PBS) containing 4% paraformaldehyde (PFA; Euromedex, Mundolsheim, France) at 4 1C and stored in 2% PFA overnight at 4 1C. Kidneys were embedded in 4% low melting point agarose (VWR International, Fontenay-sous-Bois, France) in preparation for vibratome sectioning. Transverse slices were cut at 50 mm with a vibrating blade microtome (VT1000E; Leica Microsystems, Wetzlar, Germany) and carefully transferred to 48-well tissue culture plates in PBS. All incubations were performed on floating sections at room temperature (unless otherwise stated), under gentle rocking. After quenching of the aldehydes (1 h in PBS/ NH4Cl 50 mmol l -1 ), the sections were permeabilised for 1 h in PBS with 1% Triton X-100 (Perbio Science, Brébières, France) and incubated for 2 h in blocking buffer (PBS with bovine serum albumin 1%, goat serum 10% and Triton X-100 0.1%). Sections were stained overnight at 4 1C with anti-human EpCAM (clone HEA-125) fluorescein isothiocyanate (1 : 100 dilution; MiltenyiBiotec SAS, Paris, France) and anti-human b-catenin (clone 15B8; 1 : 100 dilution; Abcam, Cambridge, UK) conjugated to Cy3 in PBS with Triton X-100 0.1%. The DNA marker, TOPRO-3 (InvitrogenMolecular Probes, Cergy Pontoise, France) was then applied for 30 min (1 mmol l -1 ). For colosphere staining, we used protocol previously described (Weiswald et al, 2010) with some modifications. Colospheres in suspension were fixed for 3 h at 4 1C in PBS containing 4% PFA and permeabilised in 0.5% Triton X-100 in PBS for 1 h at RT. After 1-h incubation in PBS/NH4Cl (50 mmol l -1 ), filamentous actin was stained with Alexa Fluor 555 phalloidin (Invitrogen-Molecular Probes; 5 U ml -1 for 1 h) and cell nuclei were counterstained with TOPRO-3 (1 mmol l -1 for 40 min). Kidney sections and colospheres were mounted in glycerol/PBS (90/10:v/v). Images were recorded on a Leica TCS SP2 confocal microscope (Leica Microsystems).
For flow cytometry analysis, colospheres were disaggregated using trypsin. Human CK20 staining (IT-Ks 20.10 clone, 1 : 50 dilution, Biovalley, Marne-La-Vallée, France) and human CDX2 (polyclonal antibody, #3977, 1 : 50 dilution, Cell Signalling, St Quentin en Yvelines, France) were performed after cell fixation and permeabilisation. Labelled cells were analysed by a Guava easyCyte Flow Cytometer (Merck Millipore, Billerica, MA, USA) and analysis was performed with FLOWJO software (Tree Star, Ashland, OR, USA).
In vivo chemotherapy response in xenografts. Therapeutic assays were performed as previously described (Julien et al, 2012) . Tumour fragments were subcutaneously xenografted in CB17-SCID female mice (Charles River, L'Arbresle, France). When the mean tumour volume reached 100-200 mm 3 , mice were randomised to start the 5-FU (ICN, Orsay, France) or irinotecan (Campto; Pfizer, Paris, France) treatment with doses corresponding to 70% of the highest nontoxic dose: 5-FU was intravenously administered (5 mg kg -1 , two injections with a 4-day interval); irinotecan was intraperitoneally administered (22 mg kg -1 , three administrations with a 2-day interval). T/C ¼ 100Â(T/C) ¼ the percentage ratio between the mean tumour volume of a treated group (T) and the mean tumour volume of the control group at a defined day.
Ex vivo cytotoxic assays on colospheres. Colospheres of 100-200 mm diameter were collected 3 days after tumour tissue dissociation and seeded into 96-well plates, precoated with 50 ml of 1% agarose in water: 50 colospheres per well in 100 ml of culture medium without pyruvate sodium. Irinotecan (Aventis, Vitry-surSeine, France) or 5-FU (Merck, Lyon, France) dilution (100 ml) were added to sextuplate wells. After 3 days of exposure, cell cytotoxicity and viability in treated vs control wells was estimated by lactate dehydrogenase and water-soluble tetrazolium assays respectively (Roche Diagnostics, Meylan, France) according to manufacturer's instructions. Data were reported as means±s.e.m. Dose-response curves were calculated for each individual experiment via sigmoidal dose-response analysis using the Hill fitting equation in the Prism 4 software (GraphPad Software Inc., San Diego, CA, USA).
Gene expression in tumour samples. RNA extraction, cDNA synthesis and PCR reaction conditions are described elsewhere (Bieche et al, 2001) . To assess the precise amount of total RNA added to each reaction and its quality, we also quantified transcripts of the gene TBP (Genbank accession NM_003194) encoding for the TATA box-binding protein (a component of the DNA-binding protein complex TFIID) as an endogenous RNA control, and normalised each sample on the basis of its TBP content.
Results, expressed as N-fold differences in target gene expression relative to the TBP gene, termed 'N target ', were determined by the formula:
DCtsample , where DCt value of the sample was determined by subtracting the average Ct value of the target gene from the average Ct value of the TBP gene. The N target values of the samples were subsequently normalised such that the median of the parent PDX N target values was 1.
Primers for TBP (selected to amplify both the mouse and the human TBP genes) and the 64 target genes (selected to be specific of the human target sequences, Supplementary Table 1) were chosen with the assistance of the computer programmes Oligo 6.0 (National Biosciences, Plymouth, MN, USA). We conducted searches in dbEST and nr databases to confirm the total gene specificity of the nucleotide sequences chosen for the primers, and the absence of single-nucleotide polymorphisms. The nucleotide sequences of the oligonucleotide hybridisation primers are available on request. To avoid amplification of contaminating genomic DNA, one of the two primers was placed at the junction between two exons or on two different exons. For each human target primer pair, we performed mouse control (pooled ARNs of various mouse organs) assays, which produced negligible signals (usually 440 in Ct values), suggesting total human specificity of the 64 target primer pairs.
As the mRNA levels did not fit a Gaussian distribution, the mRNA levels in each subgroup of samples (six subgroups: XenoCT320, XenoCT329, XenoCT1180 xenografts and their paired colospheres) were characterised by their median and range rather than their mean and coefficient of variation.
The 64 selected genes were used for clustering analyses. Dendrograms classifying samples with centroid linkage methods using the Pearson correlation as a distance metric were obtained on the basis of the expression profile of quantitative RT-PCR with dchip 2010.01 (Li and Wong, 2001 ; http://biosun1.harvard.edu/ complab/dchip/). Genes were considered to be candidate genes associated with colospheres when they showed more than two-fold change in expression in colospheres compared with the parent PDX for each of the three models (XenoCT320, XenoCT329 and XenoCT1180). N-fold reported in Supplementary Table 1 is the median of the ratios between colospheres and parent PDX for at least three experiments, for each of the three models.
Detection of infra-histologic human micrometastatic lesions.
Owing to the high specificity of the technique, the real-time PCR allows to distinguish human from mouse gene expression in xenograft models. The presence of few human cells within a host organ is quantified by mean of the transcript of human genes highly (to increase the sensibility) and exclusively represented in the human genome (Alu sequences). This method applied to the xenograft models greatly enhances the sensitivity of detection of invading human cells within kidney and lung tissues.
Results, expressed as N-fold differences in human Alu expression relative to the TBP genes (primers for TBP were selected to amplify both the mouse and the human TBP genes), termed 'N Alu ', were determined by the formula: N Alu ¼ 2 DCtsample , where DCt value of the sample was determined by subtracting the average Ct value of the Alu sequences from the average Ct value of the TBP genes. Alu transcripts were considered to be detectable and quantifiable (with N Alu determination) when the Ct value was below 35, and not detectable when the Ct value was above 35.
RESULTS
Cell viability preserved in colospheres. The ex vivo use of colospheres for cancer biology investigation requires that colospheres remained viable for the duration of the ex vivo experiments. To evaluate this viability, we used colospheres obtained from two patient-derived colon cancer xenografts, CR-LRB-018P and XenoCT320.
When colospheres were maintained on tissue-culture-treated flasks, they started quickly to attach to the flask plastic, as depicted in Figure 2A . Within 5 days after dissociation, individual cells migrated out to form a monolayer and after 8 days, the colosphere border totally disappeared. Consequently, we put them on agarose in order to prevent plastic attachment, and to maintain floating colospheres in culture. After 2 weeks in suspension culture, colospheres have been collected for Ki-67 staining and cell cycle analysis by propidium iodide staining. As revealed in Figure 2B , sphere structure and morphology are preserved up to 2 weeks. Cell cycle distribution analysis and anti-Ki-67 immunostaining clearly showed that colosphere-forming cells remained proliferative ( Figures 2B and C) .
Cell-cell contact required for colosphere viability. The importance of cell-cell contacts has been recently pointed out in a primary culture model close to ours (Kondo et al, 2011) . Besides, our colospheres are very compact structures that cannot be dispersed by pipetting but require enzymatic treatment to be dissociated into single cells. These two features led us to investigate whether cell-cell interactions were necessary for survival of the colosphere-forming cells.
In the colosphere-forming assay, dispersed cells and fragments, resulting from mechanical tissue dissociation, are kept together in culture. After 3 days, colospheres are collected by pipetting for further analysis. We observed then that the remaining non-forming sphere cells, that is, single cells, did not survive ( Figure 2D ), suggesting that in the absence of cell-cell interactions, tumour cells cannot survive in this primary culture model. It is now well recognised that the malignancy of carcinoma cells relies on their ability to escape anoikis, a specialised form of apoptosis undergone by cells when adhesion to the correct substrate is disrupted (Eccles and Welch, 2007) . To get more information here about the role of cell-cell interactions, we inhibited cadherin adhesion by incubating overnight colospheres with a blocking monoclonal antibody to E-cadherin or with EDTA, a calcium-chelating agent. In both cases, the treatments induced disaggregation of colospheres ( Figure 2E ), associated with a significant increase in the activity of caspase-3 ( Figure 2F ).
Previous videomicroscopy analyses (Weiswald et al, 2009 ) had suggested that both cell adhesion and cell remodelling mechanisms may contribute to the fast formation of compact structures with strong cell-cell interactions, allowing cells to circumvent anoikis because of anchorage-independent growth. To further analyse these aggregation events, we incubated dissociated XenoCT320 tissue with CT320Â6-GFP single cells. The human colon cancer cell line CT320Â6-GFP was derived from the CT320Â6 cell line, previously established from the XenoCT320 xenograft (DanglesMarie et al, 2007) and infected with lentivirus to produce GFP. The GFP þ cells were sorted using cytometry ( Figure 3A) . After 3 days of co-culture, colospheres were collected for confocal imaging. GFP þ cells were mostly present in small spheres (o50 mm in diameter) with some spheres formed only by GFP þ cells ( Figure 3B ). By contrast, bigger spheres had incorporated no or rare GFP þ cells, only at the periphery ( Figure 3C ), which demonstrated remodelling of tumour fragments (i.e., modification in cell-cell interaction) seems to occur only in surface of colosphere. These observations confirm the existence of at least two mechanisms leading to colosphere formation: adhesion of single cells for small colospheres and remodelling of tumour fragments for the biggest ones. (E and F) Overnight incubated with anti-human E-cadherin or with EDTA lead to colosphere dispersion (E) and significant increase in the caspase-3 activity (F, *Po0.05, Student's t-test). Expression of caspase-3 activity as relative light units. HT29 monolayer is used to control the non-toxicity of EDTA concentration.
Gene expression profiles of colospheres and PDXs. To determine whether the ex vivo conformational changes could modify tumour gene expression, we analysed the expression level of 64 selected genes for their involvement in cancer (Supplementary Table 1 ) in three colon PDXs, XenoCT320, XenoCT329 and XenoCT1180, and their derived colospheres. Absence of crossreactivity with mouse RNA has been checked using different mouse tissues. This species specificity allows the precise comparison of the gene expression profile of colospheres (formed only with cancer cells) and of cancer cells within PDX (PDXs consist of both human cancer cells and mouse stromal tissues). For each of the three models, we have performed real-time qRT-PCR with RNA extracted from at least two independent xenografts and their corresponding colospheres. All of the 64 genes tested presented detectable quantifiable mRNA expression (Ct435). A hierarchical clustering algorithm was used to organise the experimental samples only on the basis of overall similarity in their gene expression patterns. This clustering analysis of gene expression clearly demonstrated that for the three colon adenocarcinoma models, colospheres matched with their parent xenografts ( Figure 4A ), and showing that colospheres could mimic the in vivo tumour cells. In addition, as the morphological features of colospheres are close to those of spheroids, a well-defined multicellular 3D model generated in vitro using permanent carcinoma cell lines in non-adherent conditions (Friedrich et al, 2009) , we compared here colospheres with spheroids obtained with the paired cell line (Figure 1 and Figures 4B and C) .
We found that for a given model (xenograft, derived colospheres and derived cancer cell lines cultured as monolayer or spheroids), cancer cell line models, in 2D or 3D conformation, clusterised together, distinctly from the xenograft and colospheres.
Then, we went on examining whether the colosphere structures would be reflected in a specific gene expression pattern. To select those genes that are consistently differentially expressed between colospheres and source xenografts, we calculated for each model and for each gene the ratio of transcript level in colospheres vs in PDX tissue. On the basis of a cutoff of 2, we obtained a list of three and five genes, which were respectively upregulated (ALDH1A1, BBC3/PUMA and ID2) or downregulated (MMP7, LGR5, NANOG, VIM and FLT1) in colospheres for the three models (Supplementary Table 1 ).
Colospheres as a potential model of tumour progression. We have previously demonstrated with primary colon tumours that the ability to form colospheres was related to the tumour aggressiveness (Weiswald et al, 2009) . To further confirm and expand these findings, we used six colon PDXs directly established from three patient colon primary adenocarcinomas (XenoCT320, XenoCT336 and CR-LRB-010P) and their paired liver synchronous metastases (XenoCT316, XenoCT337 and CR-LRB-011M, respectively). These six PDXs were subcutaneously engrafted and harvested when they reached around 2000 mm 3 in size. Each PDX was weighed and mechanically dissociated. Colospheres obtained 3 days after were counted and number of colospheres per mg of tumour tissues was calculated for each PDX. As shown in Figure 5A , the number of colospheres we obtained was significantly higher for tumour xenografts established from patient's metastasis than in the matched PDX established from the primary tumour in the three pairs (Student's t-test, Po0.001).
To further test the aggressiveness property of colospheres, we performed in vitro and in vivo invasive and migratory assays. XenoCT320 colospheres and CT320Â6 spheroids were embedded in collagen type I gels in the absence of a chemoattractant, incubated and followed by light microscopy. This extracellular matrix component was selected because in invasive regions with lack of basement membrane, colon cancer cells are known to interact directly with collagen type I (Brabletz et al, 2004) . Although both colospheres and spheroids are strongly compacted aggregates, which cannot be dissociated by mechanical pipetting, single cells clearly succeeded in detaching from colospheres and migrate into the collagen matrix ( Figure 5B ). For spheroids, even if larger size of spheroid clusters was shown overtime, no invasive phenotype with isolated cells could be observed.
As invasive phenotype in colon cancer is associated with b-catenin expression (Brabletz et al, 2001) , immunostaining of the original spheroids and colospheres (before collagen embedding) was performed. Beta-catenin was greatly expressed in both sphere models ( Figure 5C ). Nevertheless, although spheroid-forming cells showed a membrane-bound b-catenin, with only a few cells showing nuclear b-catenin localisation, cells within colospheres displayed nuclear expression of b-catenin, in line with their higher invasive potential.
In vivo local invasion properties of colospheres were tested through subrenal capsule implantation. Colospheres and spheroids were then studied in parallel: an equivalent number of human colon cancer cells (10 5 ) as either colospheres derived from XenoCT320 xenograft or spheroids obtained by culturing CT320Â6 cell line on agarose were injected under the kidney capsule of five nude mice, respectively. Mice were killed 4 weeks later for kidney examination. Tumour formation at the injection site occurred in four out of five mice injected with XenoCT320 colospheres while only one mouse injected with CT320Â6 spheroids displayed tumour in kidney. In addition, histological examination clearly revealed two distinct patterns of local invasion ( Figure 5D ): colospheres gave rise to adenocarcinoma tumours infiltrating the kidney with rare necrosis in spite of the tumour size. By contrast, spheroids grew as a well-encapsulated carcinoma mass, with highly necrotic centre. Immunostaining against bcatenin showed heterogeneous staining in colosphere-induced adenocarcinoma, with highly nuclear expression in some cells surrounding the tumour whereas spheroid induced tumour displayed homogenous pattern expression.
Tumourigenicity and dissemination properties of colospheres were investigated by screening mouse organs for presence of human Alu RNA, an infra-anatomopathological test to detect human micrometastasis in engrafted animals. The repetitive character of human Alu-sequence RNA allows a highly sensitive detection and quantification of human disseminated viable tumour cells in xenograft mouse models using qRT-PCR. For this purpose, 4.10 4 cells as either whole colospheres or spheroids were implanted in 30 mice (15 in each group), under the kidney capsule. Mice were killed and necropsied 14 weeks later. Macroscopic lesions were found only in the group of mice injected with colospheres: tumours at the kidney in six mice and one lung lesion were observed. Histological analysis confirmed that all these lesions were colon adenocarcinomas ( Figure 6A ). Kidneys and lungs with no gross lesion were collected for RNA extraction. The qRT-PCR analysis for Alu RNA presence showed that in the 'colosphere injected' group, four additional right kidneys and five lungs were positive. As for 'spheroid injected' group, five kidneys revealed the presence of Alu RNA but no trace of human RNA has been detected in lungs ( Figure 6B ), confirming that colospheres display a more aggressive phenotype than spheroids.
Chemosensitivity assays with ex vivo colospheres. Colospheres are composed of viable cancer cells and grow ex vivo. This led us to evaluate their response to irinotecan and 5-FU, two major drugs in CRC treatment. For this purpose, we selected four colon cancer xenografts according to their in vivo drug response profile: CR-LRB-004P and CR-IGR-007P were respectively high and low responder to 5-FU ( Figure 7A ) whereas CR-LRB-018P and CR-IC-004M were respectively high and low responder to irinotecan in nude mice ( Figure 7B ).
XenoCT320 (1) XenoCT329 (1) XenoCT329 colospheres (2) XenoCT1180 colospheres (2) XenoCT320 (2) XenoCT320 (1) CT329X12 monolayer (2) CT329X12 monolayer (1) CT329X12 spheroids (2) CT329X12 spheroids (1) XenoCT329 colospheres (2) XenoCT329 colospheres (1) XenoCT329 (2) XenoCT329 (1) XenoCT320 colospheres (2) XenoCT320 colospheres (1) CT320X6 monolayer (2) CT320X6 monolayer (1) CT320X6 spheroids (2) CT320X6 spheroids (1) XenoCT1180 colospheres (1) XenoCT1180 (2) XenoCT1180 (1) XenoCT329 colospheres (1) XenoCT329 (2) XenoCT320 ( Ex vivo chemosensitivity assay was performed on colospheres treated with different concentrations of 5-FU or irinotecan. The wide range of concentrations used for both agents allows to cover the peak concentrations observed in patient plasma (Chabot, 1997; Takimoto et al, 1999) . Colosphere growth was inhibited dose dependently ( Figure 7 ). In addition, ex vivo dose-response curves clearly differed between colospheres derived from in vivo highly sensitive xenografts and those obtained from poorly sensitive xenografts, with a discrepancy between IC50 values obtained either with colospheres from low-or high-responder xenografts in the two drugs assays: 5-FU (4800 mM vs 19.6±5.8 mM) and irinotecan (424.7 ± 93.7 mM vs 23.8 ± 5.8 mM).
DISCUSSION
We provide here new evidence that colospheres are a relevant tool for human cancer biology investigation, including metastatic process evaluation and chemosensitivity testing fields. Colospheres, formed only by carcinoma cells, are obtained in a very short time from fresh CRC tissue after mechanical dissociation in conventional culture conditions, as we have previously reported (Weiswald et al, 2009) .
In order to be further easily manipulated, floating colosphere culture is required. Numerous colospheres were observed to adhere in a few days to the plastic. It is noteworthy that successful in vitro CRC cell line establishment is due to adhesion of these floating 3D multicellular aggregates (McBain et al, 1984; Park et al, 1987; Dangles-Marie et al, 2007) . When kept in non-adherent conditions, the colosphere-forming cells remain viable and proliferating. The small size of the colospheres, 20-200 mm, is a well-known key factor for survival of 3D multicellular cancer model (Minchinton and Tannock, 2006; Vaira et al, 2010) , allowing good diffusion of nutriments and oxygen and limiting necrosis phenomenon. Besides, it is now clearly recognised that the malignancy of carcinoma cells relies on their ability to escape anoikis (Eccles and Welch, 2007) . We determined here that cell-cell contact in colospheres is indeed a key element for tumour cell survival because (i) single non-forming colosphere cells were unable to stay alive and (ii) inhibition of adhesion led to apoptosis. These results fit completely with the findings of Kondo et al (2011) in a very close model to ours, the 'colon tumour-originated spheroids', who demonstrated also that their ex vivo colon cancer spheres resist anoikis as well-organised aggregates.
As the in vitro intestinal epithelial organoid protocols are generally based on crypt culture (Whitehead et al, 1999; Ootani et al, 2009; Chopra et al, 2010) , colospheres could reflect crypt isolation through mechanical dissociation. Even if cytoblock slides of colospheres did not show a monolayer of polarised epithelial cells by contrast to the isolated crypts described in literature (Whitehead et al, 1999; Ootani et al, 2009; Chopra et al, 2010) , compaction events could lead from a hollow to a plump structure. Furthermore, recent works from Clevers group (Sato et al, 2011) show that, distinct from mouse intestinal adenoma, human CRC organoids grew as compact structures with differentiated cells rather than a simple cystic structure. Study of relevant colon differentiation markers in colospheres showed high expression of CK20 and CDX2 and mucous cells stained with alcian blue (Supplementary Figure 1) . It is noteworthy that along with Kondo et al (2011) , we report no enrichment of CSC in ex vivo spheres.
Colospheres are formed at least by two types of mechanisms: aggregation of single cells for small colospheres and remodelling of tumour fragments for the bigger ones. The present mechanisms differ from those already described that led to CSC sphere formation like clonal expansion (Vermeulen et al, 2008) or fusion of blebbishields (Jinesh et al, 2013) . Induction of 3D structure formation could be due to factor release. Indeed, when supernatants from dissociated XenoCT320 tissue culture were added on adherent colon cancer cell lines, we observed the formation of small compact floating clusters (Supplementary Figure 2) . Interestingly, the same effect was obtained with supernatant from dissociated normal colon mucosa, while we had demonstrated that non-tumoural counterpart colon tissue is unable to form colospheres (Weiswald et al, 2009 ). Supernatants of colosphereforming xenografts have been also tested on dissociated non-colosphere-forming xenograft: no colosphere formation was observed (data not shown), suggesting that ability to generate colospheres is an intrinsic property of certain tumour cells. Consequently, generation of colospheres, at least small ones by cell aggregation, requires the presence of both released factors by tissue dissociation but also 'responsive' cells.
Gene expression analyses underlined that colospheres represent a culture of cancer cells whose profile globally mimics the solid tumour tissue profile, supporting the potential value of this model as an ex vivo tool. The clustering analysis demonstrated both the lack of ex vivo culture artefact (which would have led to classification into two groups: all xenografts opposed to all colospheres) and the relevance of colospheres for mimicking in vivo cancer cells within xenografts, in a closer way than paired cancer cell lines. We did not perform gene expression analysis directly on patient tumours and matched colospheres derived from these tumours. Nevertheless, gene expression analyses reported in the literature showed a strong similarity between the PDXs and their corresponding patient's tumours (Tentler et al, 2012) . Among the human genes downregulated in xenografts with respect to patient's tumours, enrichment is generally observed in genes coding for extracellular matrix components, collagens and immune system regulators, in line with loss of human stroma, which is replaced by mouse stroma. Taken together, these gene expression data strongly suggested the ability of colospheres to recapitulate the gene expression profile of cancer cells in original patient tumours, and consequently their interest as reliable preclinical models.
Besides, among the 64 genes we selected for involvement in oncogenesis, expression of few genes (3 and 5 genes up or downregulated, respectively) are modified in cancer cells within colospheres vs within parental xenograft tissues. Overexpression of ID2 and ALDH1A1 in colospheres is in favour of the presence of aggressive cells. No Id2 staining was detected in normal colon mucosa (Rockman et al, 2001 ) but its expression in tumour cells is correlated with a poor prognosis (Gray, 2008) : expression of Id2, a target of the b-catenin/T-cell factor pathway, was reported in 440% of primary colon tumours and in almost all studied liver metastases (Rockman et al, 2001) . Similarly, it was previously reported that colon carcinoma cells that were positive for ALDH1 tended to be present at the invasive front of colonic malignancies (Huang et al, 2009 ). ALDH1 protein expression was also found correlated with ALDH enzymatic activity (Jiang et al, 2009 ), a crucial point as ALDH enzyme activity can be used as a functional marker for isolating CSCs (Carpentino et al, 2009; Huang et al, 2009) . Nevertheless, other ALDH isoforms, particularly ALDH1A3, have been found more recently to significantly higher contribute to the tissue and cancer-specific aldefluor positivity (Marcato et al, 2011) . Besides, this upregulation of ALDH1A1 has to be considered with the fact that expression of other 'colon stemness' genes PROM1, LGR5, CD44 and MSI1 was not increased. As for BBC3 also known as PUMA, its overexpression could be related to stress induced by colosphere-forming assay. Indeed, mechanical stress is known to induce apoptosis via mitochondrial pathway (Cheng et al, 2009) , which leads to rapid transcription of BBC3 in human and mouse cells including CRC cells (Yu et al, 2001) . Other gene expression profiles could appear unexpected. Indeed, matrylisin (MMP-7) is exclusively produced by cancer cells, unlike other MMPs, which are synthesised by stromal cells, and its expression is increased in human colorectal carcinomas, and correlates with malignant progression (Adachi et al, 1999) . Nevertheless, although MMP7 is found here underexpressed in colospheres, its overexpression would be an early event in the adenoma-carcinoma pathway. MMP7 has been recently demonstrated to be required for tumour formation, but dispensable for invasion (Kitamura et al, 2009) . Downexpression of NANOG,
LGR5 (markers of stemness) and VIM (mesenchymal marker) could be put in line to each other because colosphere-forming cells maintained clearly their differentiation, without cancer stemness gene induction (Merlos-Suárez et al, 2011). As for aggressive phenotype characterisation, collagen assays showed that colosphere-forming cells were able to detach from the spheres and to migrate into the matrix as single cells. On the other hand, colospheres have been shown to highly express b-catenin in cytoplasm together with a nuclear localisation; this expression is preserved in vivo after injection, not only at the invasive front, and could be related to their high capacity to infiltrate the engrafted kidney. According to the highly sensitive qRT-PCR approach, we developed for identification of micrometastasis using detection of Alu sequence RNA, we found out specifically trace of living human cancer cells in mouse lungs of 30% of engrafted animals with colospheres. These results showed the high potential of these 3D structures to grow and to disseminate in vivo, in a more aggressive way than the spheroids formed by cultured cell lines.
Preclinical cancer biology has traditionally relied on the use of human cancer cells lines cultured in vitro and of cell line-derived xenografts in immunodeficient mice. Considerable debate has focused on the reliability of such cell lines as cancer models (Johnson et al, 2001; Voskoglou-Nomikos et al, 2003) . Emerging evidence suggests that the establishment of conventional cell lines from human cancer tissues results in irreversible loss of important biological properties (increase, reduction or even loss of expression of genes involved in cancer cell dissemination, CSC and so on; Daniel et al, 2009) and close resemblance between all the cell lines whatever their tumour type origin (Gillet et al, 2011) .
All these data prompted us to consider whether the short-term culture of colon cancer tissue as small cellular 3D colospheres can be used to obtain information on the chemosensitivity of cancer cells. That colosphere-forming cells, with no enrichment of CSC, remain largely differentiated cells is not a drawback because the importance of cooperation between CSC and differentiated cells in drug resistance mechanisms has been recently reported (Emmink et al, 2011) . Two conventional key chemotherapy drugs used to treat CRC, a topoisomerase I inhibitor, irinotecan, and an antimetabolite, 5-fluorouracil, have been chosen for these chemosensitivity assays. Based on both viability and cytotoxicity assays, we demonstrated here that colospheres can be applied to drug efficacy assays: in addition to a dose-dependent response, we showed for the first time with an ex vivo tumour model that colosphere response could reflect the responsiveness on parental cancer xenografts in nude mice to the same chemotherapy.
Finally, easy preparation with high yield and short-term culture of pure primary cancer cells as colospheres, preserving original cancer cell characteristics, provide an innovative platform for studying cancer biology and developing preclinical assays. Colosphere chemosensitivity assay, as a new, rapid, semi-automated and cost-effective assay, could be a complementary method in the anticancer drug pipeline, especially with drugs targeting directly cancer cells. Similarly, personalised medicine is an emerging issue in cancer treatment. Colospheres, obtained directly from patient colon tumours, could be similarly studied to determine their usefulness for evaluating the response of cancer cells to various drugs in predictive assays.
